Salicylic acid and anthocyanidins are known as plant-derived antioxidants, but also can provoke paradoxically seeming prooxidant effects in vitro. These prooxidant effects are connected to the potential of salicylic acid and anthocyanidins to induce apoptosis selectively in tumor cells in vitro and to inhibit tumor growth in animal models. Several epidemiological studies have shown that salicylic acid and its prodrug acetylsalicylic acid are tumor-preventive for humans. The mechanism of salicylic acid-and anthocyanidin-dependent antitumor effects has remained enigmatic so far. Extracellular apoptosis-inducing reactive oxygen species signaling through the NO/peroxynitrite and the HOCl signaling pathway specifically induces apoptosis in transformed cells. Tumor cells have acquired resistance against intercellular reactive oxygen species signaling through expression of membrane-associated catalase. Here, we show that salicylic acid and anthocyanidins inactivate tumor cell protective catalase and thus reactive apoptosis-inducing intercellular reactive oxygen species signaling of tumor cells and the mitochondrial pathway of apoptosis Salicylic acid inhibits catalase directly through its potential to transform compound I of catalase into the inactive compound II. In contrast, anthocyanidins provoke a complex mechanism for catalase inactivation that is initiated by anthocyanidin-mediated inhibition of NO dioxygenase. This allows the formation of extracellular singlet oxygen through the reaction between H 2 O 2 and peroxynitrite, amplification through a caspase8-dependent step and subsequent singlet oxygen-mediated inactivation of catalase. The combination of salicylic acid and anthocyanidins allows for a remarkable synergistic effect in apoptosis induction. This effect may be potentially useful to elaborate novel therapeutic approaches and crucial for the interpretation of epidemiological results related to the antitumor effects of secondary plant compounds.
Introduction

Reactive oxygen species and catalase in multistep oncogenesis
Reactive oxygen species (ROS) have multiple and partially adverse effects during oncogenesis (1) . The mutagenic effect of ROS may contribute to the initiation of oncogenesis and to the induction of genetic changes during tumor progression (2, 3) . Tumor promotion seems to be tightly connected to the action of ROS (3, 4) , though the exact mechanism has not been completely clarified yet. Oncogene-dependent transformation causes the constitutive activation of membrane-associated reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (1, 5, 6) . The resultant extracellular superoxide anions and their dismutation product H 2 O 2 are required for the maintenance of the transformed state and for autocrine proliferation stimulation of malignant cells.
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These procarcinogenic functions of ROS are counterbalanced by the elimination of transformed cells through intercellular apoptosis-inducing ROS signaling (1, 7, 8 ; see Supplementary Figures 1A and 2A is available at Carcinogenesis Online]. Transformed cells are specifically susceptible to apoptosis induction by the NO/peroxynitrite and the HOCl signaling pathways. The NO/peroxynitrite pathway depends on peroxynitrite formation through superoxide anion/NO interaction, protonation of peroxynitrite and decomposition of peroxynitrous acid into NO 2 and apoptosis-inducing hydroxyl radicals (1, 7, 8) . In addition, transformed cells (either autocrine or in cooperation with neighboring nontransformed cells) may induce the HOCl signaling pathway which depends on the formation of H 2 O 2 , utilization of H 2 O 2 by DUOX-related peroxidase for the synthesis of HOCl and hydroxyl radical formation through the interaction between HOCl and superoxide anions (1, 7) . Tumor formation in vivo requires the establishment of the 'H 2 O 2 -catabolizing phenotype' that has been characterized in tumor progression experiments in vivo (9, 10) . The biochemical basis of this crucial phenotype is explained by expression of membraneassociated catalase that is regularly found on bona fide tumor cells, protecting the malignant cells against apoptosis induction by their own extracellular ROS (1, 11, 12 at Carcinogenesis Online). Therefore, extracellular catalase very efficiently interferes with the NO/peroxynitrite and the HOCl signaling pathway at central steps. Inhibition of catalase by 3-aminotriazole (3-AT) or neutralizing antibodies, as well as siRNA-mediated knockdown of catalase, reactivate intercellular ROS signaling and cause selective apoptosis induction in tumor cells (12) . In addition, extracellular singlet oxygen as well as the reactive aldehyde 4-hydroxynonenal, a product of lipid peroxidation, have been shown to inactivate catalase and thus to allow intercellular ROS-dependent apoptosis signaling in tumor cells (Bauer et al., submitted) . Inactivation of catalase explains the selective apoptosis induction in tumor cells as reported by Borovic et al. (14) .The extracellular localization of catalase is essential for protection of the tumor cells against NO/ peroxynitrite signaling, as extracellularly generated peroxynitrite cannot be reached by intracellular catalase before it interacts with the cellular membrane and causes lipid peroxidation (12) . Extracellular localization of membrane-associated catalase of tumor cells had been shown through (i) inhibition of its activity by cell-impermeable neutralizing antibodies; (ii) its protective effect against exogenous peroxynitrite; (iii) removal through trypsin treatment and (iv) immunofluorescence staining of living cells (12) .
The effects of salicylic acid and anthocyanidins on malignant cells
Salicylic acid and anthocyanidins are secondary plant products and have been mainly discussed as potent antioxidants so far. Salicylic acid is one of the key mediators in the defense mechanism of plants directed against plant pathogens (15) . Salicylic acid and its prodrug acetylsalicylic acid have been long known for their antiinflammatory action (16) .
Interestingly, salicylic acid (16) (17) (18) (19) (20) (21) (22) as well as anthocyanidins (23) (24) (25) (26) (27) (28) (29) induce apoptosis selectively in malignant cells in vitro and show antitumor effects in vivo (17, 25, 30, 31) . Salicylic aciddependent apoptosis induction in tumor cells is not attributed to inhibition of COX, as salicylic acid affects COX1-and COX2-deficient tumor cells (32, 33) and as certain other nonsteroidal antiinflammatory drugs that inhibit COX as efficiently as salicylic acid do not induce apoptosis (17) . One common feature of salicylic acid-and anthocyanidin-dependent apoptosis induction seems to be the induction of the mitochondrial pathway of apoptosis (20, 21, 24, 27, 29) and the provocation of ROS generation (20, 23, 27 ). This paradox effect, i.e. provocation of a prooxidative mechanism by compounds that are also antioxidants has not been sufficiently explained in mechanistic terms so far. Though salicylic acid is known to inhibit plant and mammalian catalases through a one electron transfer that transforms compound I into the inactive compound II (34), the interaction of salicylic acid with tumor cell protective catalase has not yet been suggested as potential initial step during salicylic acid-dependent apoptosis induction in tumor cells. However, Chung et al. (20) demonstrated that RAC-controlled NADPH oxidase, the hallmark of malignant cells, was involved in salicylic acid-dependent apoptosis induction. So far, no link between the action of anthocyanidins on one side and catalase and active membrane-associated NADPH oxidase on the other side has been established. Here, we show that salicylic acid as well as anthocyanidins target tumor cell protective catalase and thus reactivate NOX1-driven intercellular apoptosis-inducing ROS signaling. As the compounds use different mechanism, they have the potential to establish an impressive synergistic effect on apoptosis induction.
Materials and methods
Materials
The NADPH oxidase inhibitor 4-(2-aminoethyl-benzenesulfonyl fluoride (AEBSF), ascorbic acid, the NO donor Diethylamino NONOate (DEANONOate), the catalase inhibitior 3-aminotriazole (3-AT), the singlet oxygen scavenger histidine, the hydroxyl radical scavenger mannitol, salicylic acid, manganese-containing superoxide dismutase (MnSOD) from Escherichia coli, the NO synthase (NOS) inhibitor N-omega-nitro-l-arginine methylester hydrochloride (l-NAME), the HOCl scavenger taurine, the anthocyanidins cyanidin, delphinidin, peonidin, pelargonin, malvidin, the anthocyan malvidin-3-O-galactoside, neutralizing monoclonal antibodies against human catalase (clone CAT-505, mouse, IgG1) and control antibody directed against EGF receptor were obtained from Sigma (Schnelldorf, Germany).
The mechanism-based peroxidase inhibitor 4-aminobenzoyl hydrazide (ABH) was purchased from Acros Organics, Geel, Belgium; peroxynitrite and the peroxynitrite decomposition catalyst 5-, 10-, 15 Ts, Germany). Inhibitors of caspase2 (Z-VDVAD-FMK), caspase3 (Z-DEVD-FMK), caspase8 (Z-IETD-FMK) and caspase-9 (Z-LEHD-FMK) were obtained from R&D Systems (Wiesbaden-Nordenstadt, Germany).
Media for cell culture
Cells were kept in RPMI 1640 medium, containing 10 % inactivated fetal bovine serum (Biochrom, Berlin, Germany), supplemented with penicillin (40 U/ml), streptomycin (50 µg/ml), neomycin (10 µg/ml), moronal (10 U/ ml) and glutamine (280 µg/ml). Cells were grown in plastic tissue culture flasks and passaged once or twice weekly.
Cells
The 
Methods
Apoptosis induction.
Cells were seeded at the densities indicated in the respective figure legends in 96-well tissue culture clusters and 100 µl of complete medium (standard conditions). The modes of apoptosis induction are summarized below and are further specified in the respective figure legends.
In the experiment described in Figures 1 and 2 , apoptosis was induced by addition of 200 µM peroxynitrite. As tumor cells are protected against exogenous peroxynitrite through expression of membrane-associated catalase, apoptosis induction by peroxynitrite requires inhibition or In the presence of PON, apoptosis induction mediated by 1-18 ng/ ml antiCAT, 0.31-1.25 µg/ml salicylic acid, 0.15-1.25 µg/ml ascorbic acid and 0.015-0.125 µg/ml cyanidin was highly significant (P < 0.001). AEBSF did not significantly inhibit apoptosis induction in the presence of PON and anti-CAT, salicylic acid and ascorbic acid, but prevented the supraoptimal decline at the right flanks of the optimum curves with high significance (P < 0.001). In the presence of PON, apoptosis induction mediated by cyanidin was inhibited by AEBSF with high significance (P < 0.001). In the absence of PON, apoptosis induction by 10 and 20 µg/ml salicylic acid was significant (P < 0.01), apoptosis induction by 0.5 and 1 µg/ml cyanidin highly significant (P < 0.001).
Downloaded from https://academic.oup.com/carcin/article-abstract/36/3/400/315782 by guest on 09 December 2018 inactivation of membrane-associated catalase and therefore allows to determine inhibitory or inactivating effect of defined compounds directed against catalase. As intracellular catalase cannot reach exogenous peroxynitrite before it attacks the cell membrane (12) , this assay is focusing specifically on membrane-associated catalase on the outside of tumor cells. Apoptosis induction by exogenous peroxynitrite was usually quantified 1 h after addition of peroxynitrite. At this time point, autocrine apoptosis induction mediated by plant-derived compounds alone was still low.
In the experiments described in Figures 3, 4 and 6, apoptosis was induced by autocrine ROS-mediated intercellular signaling of tumor cells, which requires the inhibition or inactivation of tumor cell protective catalase. Autocrine apoptosis induction is based on NOX1-dependent extracellular superoxide anion generation and release of peroxidase and NO. This results in the establishment of the NO/peroxynitrite and HOCl signaling pathway (12) . Autocrine ROS-mediated apoptosis induction was determined between 2.5 and 6 h after addition of the test compounds.
In the experiment described in Figure 5 , apoptosis was induced by increasing concentrations of the NO donor DEA NONOATE, in the presence of 200 mM of the catalase inhibitor 3-AT, 2.4 mM of the NOS inhibitor l-NAME and 25 µM of the catalase mimetic EUK-134. This assay therefore allows to quantify the consumption of defined concentrations of exogenous NO by cellular NO dioxygenase (NOD) without interference by cellular NO synthesis and without consumption of NO by hydrogen peroxide. The apoptosis inducing effect of NO is mediated by peroxynitrite formation through NO/superoxide anion interaction (8) .
In all experiments, assays were performed in duplicate. After the indicated time of incubation at 37°C and 5% CO 2 , the percentage of apoptotic cells was determined by inverted phase contrast microscopy based on the classical criteria for apoptosis, i.e. nuclear condensation/fragmentation or membrane blebbing. The characteristic morphological features of intact and apoptotic cells, as determined by inverted phase contrast microscopy are shown in Supplementary Figure The role of singlet oxygen during catalase inactivation. 12 500 MKN-45 human gastric carcinoma cells in 100 µl medium received no addition or 2 mM of the singlet oxygen scavenger histidine, 100 µM of the NOX inhibitor AEBSF or 2.4 mM of the NOS inhibitor l-NAME('-15 min'). After 15 min, the assays received the indicated concentrations of salicylic acid (A-C) or cyanidin (D-F). After 20 min of incubation, some of the assays that had not received inhibitors before, now received histidine, AEBSF or l-NAME ('20 min'). Then the assays were challenged with 200 µM peroxynitrite (PON) or not. The percentages of apoptotic cells were determined after 1 h. Statistical analysis: In the presence of PON, apoptosis induction mediated by 0.013-0.37 µg/ml salicylic acid and 1.3-37 µg/ml cyanidin was highly significant (P < 0.001). Apoptosis induction mediated by salicylic acid in the presence of PON was not significantly inhibited by histidine, AEBSF and l-NAME, however, AEBSF prevented the supraoptimal decline of the optimum curve with high significance (P < 0.001). Apoptosis induction mediated by cyanidin in the presence of PON was inhibited by histidine, AEBSF and l-NAME with high significance (P < 0.001) when the inhibitors had been added 15 min before cyanidin. There was no significant inhibition when these inhibitors had been added 20 min after cyanidin.
Statistical analysis.
In all experiments, assays were performed in duplicate. Empirical standard deviations were calculated and are shown to allow assessment of the degree of reproducibility, but not with the intention of statistical analysis of variance, which would require larger numbers of parallel assays. Absence of standard deviation bars for certain points indicates that the standard deviation was too small to be reported by the graphic program. The Yates continuity corrected chi-square test was used for the statistical determination of significances (P < 0.01 = significant; P < 0.001 = highly significant) using the criteria 'apoptotic' versus 'intact' cells in the unprocessed original data from which the presented mean values were calculated. All experiments that are shown here have been repeated at least twice (with duplicate assays). The basic findings, i.e. induction of apoptosis by salicylic acid and anthocyanidins have been reproduced more than 50 times by several investigators. Statistical analysis is further discussed under Supplementary Materials, available at Carcinogenesis Online.
Strategy of our analysis
Sensitization of tumor cells for apoptosis induction by exogenous peroxynitrite was used as initial test to determine the potential of salicylic acid, control compounds and cyanidin to inhibit tumor cell protective catalase. This assay allowed to differentiate between direct inhibition of catalase by salicylic acid and indirect, superoxide-anion and singlet oxygen-dependent inactivation of catalase by cyanidin. In a second round of experiments, autocrine ROS-mediated apoptosis signaling was established through inhibition of catalase by salicylic acid and cyanidin. The addition of inhibitors before and after cyanidin application allowed to differentiate between A and B) or 12 500 human nontransformed diploid fibroblasts (C) in 100 µl reaction volume were treated with the indicated concentrations of salicylic acid, in the absence or presence of the indicated inhibitors (histidine: singlet oxygen scavenger, 2 mM; taurine: HOCl scavenger, 50 mM; l-NAME: NOS inhibitor, 2.4 mM; mannitol: hydroxyl radical scavenger, 10 mM; ABH: peroxidase inhibitor, 150 µM; MnSOD: superoxide anion scavenger, 100 U/ml; FeTPPS: peroxynitrite decomposition catalyst, 25 µM). The percentages of apoptotic cells were determined after 5 h. Statistical analysis: Apoptosis induction in MKN-45 cells by 1.5-25 µg/ml salicylic acid was highly significant (P < 0.001), whereas there was no significant apoptosis induction in nonmalignant Alpha-1 cells. Histidine had no significant inhibitory effect on apoptosis induction by salicylic acid in MKN-45 cells. Mannitol and MnSOD inhibited apoptosis induction in MKN-45 cells at all concentrations of salicylic acid with high significance (P < 0.001). Taurine and ABH showed no significant inhibitory activity on apoptosis induction by 1.5 and 3.1 µg/ml salicylic acid, but inhibited at higher concentrations of salicylic acid with high significance (P < 0.001). l-NAME and FeTPPS inhibited salicylic acid-dependent apoptosis induction with high significance (P < 0.001) between 1.5 and 6.2 µg/ml salicylic acid. Inhibition by these compounds was significant (P < 0.01) at 12.5 µg/ml salicylic acid and without significance at higher concentrations.
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Results
Inactivation of membrane-associated catalase of tumor cells
The abrogation of protection against apoptosis induction by exogenously added peroxynitrite was used for the quantitative determination of the inactivation of membrane-associated catalase of tumor cells, as this enzyme decomposes peroxynitrite. Intracellular catalase does not affect this assay, as it cannot reach peroxynitrite before it attacks the cell membrane. Antibodies directed against catalase ( Figure 1A ), but not irrelevant control antibodies, as well as salicylic acid ( Figure 1B D) ; 150 µM of the peroxidase inhibitor 4-aminobenzoyl hydrazide ('ABH') (E); 100 U/ml of the superoxide anion scavenger SOD (E); 100 µM of the NOX1 inhibitor AEBSF (E), 50 mM of the HOCl scavenger taurine ('TAU') (F); 10 mM of the hydroxyl radical scavenger mannitol ('MANN') (F), 25 µM of caspase-9 inhibitor ('CASP-9 INH') (F). The percentages of apoptotic cells were determined 2.5 h after addition of cyanidin. The differential addition of inhibitors allowed to dissect early cyanidin-dependent catalase inactivation from subsquent intercellular ROS signaling through the NO/peroxynitrite and the HOCl signaling pathway. Statistical analysis: Apoptosis induction by cyanidin (62-250 ng/ml) was highly significant (P < 0.001). Inhibition of cyanidin-dependent apoptosis induction by histidine, caspase-8 inhibitor, FeTPPS and L-NAME was highly significant (P < 0.001) at all concentrations of cyanidin when the inhibitors had been added 15 min before cyanidin. Addition of histidine or caspase-8 inhibitor 25 min after cyanidin did not cause significant inhibition of apoptosis induction. Addition of L-NAME or FeTPPS 25 min after cyanidin caused highly significant inhibition for apoptosis induction mediated by 62 and 125 ng/ml cyanidin, but not at higher concentrations. Addition of caspase-9 inhibitor, SOD, AEBSF or mannitol 25 min after cyanidin causes highly significant inhibition of apoptosis induction (P < 0.001) at all concentrations of cyanidin. Addition of taurine and ABH 25 min after cyanidin caused highly significant inhibition of apoptosis mediated by 125 and 250 ng/ml cyanidin (P < 0.001).
presence of the NOX1 inhibitor AEBSF, peroxynitrite-dependent apoptosis induction mediated by antibodies against catalase, as well as by salicylic acid, ascorbic acid and methyldopa prevailed and was changed from an optimum curve to a plateau-type of curve, whereas peroxynitrite-dependent apoptosis induction mediated by cyanidin was strongly inhibited. In the absence of the peroxynitrite challenge, high concentrations of salicylic acid, cyanidin and methyldopa caused concentration-dependent apoptosis induction in the tumor cells at a low, but distinct level. This apoptosis induction was dependent on superoxide anion generation by the tumor cells. These data allow to differentiate between superoxide anion-independent inhibition of catalase by salicylic acid, ascorbic acid and methyldopa and superoxide anion-dependent inactivation of catalase by cyanidin. Inhibition of catalase by salicylic did not depend on the cell density, whereas the effect induced by cyanidin was optimal at a higher cell density and minimal at the lower one, indicating that the inactivation process required intercellular signaling (Supplementary Figure 5 , available at Carcinogenesis Online).
The role of singlet oxygen for the inactivation of catalase
To determine the role of singlet oxygen generation for the inactivation of membrane-associated catalase, treatment of the cells with salicylic acid or cyanidin was performed in the absence or presence of the singlet oxygen scavenger histidine, the NOX-1 inhibitor AEBSF and the NOS inhibitor l-NAME. The inhibitors had been added either 15 min prior to or 20 min after the addition of salicylic acid (Figure 2A-C) or cyanidin ( Figure 2D-F) . Inhibition of catalase by salicylic acid (demonstrated as sensitization for apoptosis induction by peroxynitrite) was not dependent on singlet oxygen, superoxide anions or NO, as it was not inhibited by histidine, AEBSF or l-NAME (Figure 2A-C) . However, AEBSF changed the salicylic acid-dependent optimum curve to a plateau-type of curve, confirming that a superoxide anion-dependent process interfered with peroxynitrite-mediated apoptosis induction at high concentrations of salicylic acid. In contrast, the catalaseinactivating effect of cyanidin was strictly dependent on singlet oxygen, superoxide anion generation and NO ( Figure 2D-F) , as it was completely blocked when histidine, AEBSF or l-NAME had been added prior to cyanidin. Addition of the inhibitors 20 min after cyanidin no longer prevented catalase inactivation. Therefore, cyanidin-dependent catalase inactivation seems to be mediated by a fast process, dependent on superoxide anions, NO and singlet oxygen. Addition of AEBSF 20 min after cyanidin and before the peroxynitrite challenge shifted the optimum curve of apoptosis induction to a plateau type curve, indicative of a superoxide anion-dependent process directed against peroxynitrite.
Inactivation of catalase by salicylic acid and cyanidin reactivates intercellular ROS signaling
As membrane-associated catalase protects against intercellular ROS-mediated signaling, its inactivation by salicylic acid Figure 6 . Synergistic effect between salicylic acid and cyaniding. (A) 12 500 MKN-45 cells in 100 µl medium received the indicated concentrations of salicylic acid or remained free of salicylic acid (control). After 10 min, cyanidin was added at the indicated concentrations and the percentages of apoptotic cells were determined after 2.5 h. (B) Assays containing 0.1 µg/ml salicylic acid or no salicylic acid (control) were combined with increasing concentrations of ascorbic acid. The percentages of apoptotic cells were determined after 2.5 h. This control shows that the combination of two direct catalase inhibitors does not allow for the establishment of an synergistic effect, whereas the combination of the direct catalase inhibitor salicylic acid with cyanidin, that causes singlet oxygen-dependent inactivation of catalase establishes a synergistic effect (A). Statistical analysis: Cyanidin-mediated apoptosis induction with high significance (P < 0.001) in the concentration range between 30 ng/ml and 1 µg/ml. The leftward shift of the cyanidin-dependent curve of apoptosis induction by all concentrations of salicylic acid applied was highly significant (P < 0.001). In the absence of cyanidin, apoptosis induction by 1.25 and 5 µg/ml salicylic acid was highly significant (P < 0.001) and without significance for the lower concentrations of salicylic acid. Ascorbic acid-mediated apoptosis induction was significant (P < 0.01) at 1.5 µg/ml and highly significant (P < 0.001) at higher concentrations There was no significant effect of 0.1 µg/ml salicylic acid on apoptosis induction mediated by ascorbic acid.
or cyanidin should cause subsequent ROS-dependent apoptotic signaling. Addition of salicylic acid caused apoptosis induction in the human gastric carcinoma cell line MKN-45 ( Figure 3A and B) and the human lymphoma cell line Gumbus (Supplementary Figure 6 , available at Carcinogenesis Online) in a concentration-dependent mode, but not in nonmalignant human fibroblasts ( Figure 3C ). In both tumor cell lines, apoptosis induction seemed to be independent of singlet oxygen, but dependent on superoxide anions and hydroxyl radicals at all concentrations of salicylic acid applied. At low concentrations of salicylic acid, apoptosis-inducing signaling seemed to occur through the NO/peroxynitrite signaling pathway, as it was inhibited by the NOS inhibitor l-NAME and the peroxynitrite decomposition catalyst FeTPPS. At higher concentrations of salicylic acid, the HOCl signaling pathway became dominant, as seen by the complete inhibition of apoptosis induction by the peroxidase inhibitor ABH and the HOCl scavenger taurine. Apoptosis induction by salicylic acid was also seen in the Ewing sarcoma cell lines CHP 100 and A 4573 (data not shown), and SK-N-MC (Supplementary Figure 15 , available at Carcinogenesis Online).
A kinetic analysis of apoptosis induction in MKN-45 cells mediated by salicylic acid showed that apoptosis induction was relatively fast during the first 5 h, but seemed to be limited to this time window, as salicylic acid seemed to interfere with the process that it had initiated (Supplementary. Figure 7 , available at Carcinogenesis Online). In analogy to salicylic acid and as to be expected from its direct mode of catalase inhibition, ascorbic acid caused apoptosis induction in MKN-45 gastric carcinoma cells in a concentration-dependent mode, independent of singlet oxygen, but dependent on the NO/peroxynitrite and the HOCl signaling pathway (Supplementary Figure 8 , available at Carcinogenesis Online).
Cyanidin triggered apoptosis induction in MKN-45 gastric carcinoma cells in a complex two-step signaling reaction (Figure 4) . Addition of the singlet oxygen scavenger histidine, caspase-8 inhibitor, the peroxynitrite decomposition catalyst FeTPPS and the NOS inhibitor l-NAME before cyanidin strongly inhibited subsequent apoptosis induction at all concentrations of cyanidin ( Figure 4A and B) . When the same inhibitors had been added 25 min after cyanidin, histidine and caspase-8 inhibitor did no longer inhibit apoptosis induction, whereas FeTPPS and l-NAME still inhibited apoptosis induction at low concentrations of cyanidin, but not at higher ones ( Figure 4C and D) . The addition of caspase-9 inhibitor, SOD, the NOX inhibitor AEBSF and hydroxyl radical scavenger mannitol 25 min after application of cyanidin caused complete inhibition of apoptosis induction at all concentrations of cyanidin ( Figure 4E and F) . Addition of the peroxidase inhibitor ABH and the HOCl scavenger 25 min after cyanidin did not cause inhibition of apoptosis at low concentrations of cyanidin, but complete inhibition at high concentrations of cyanidin ( Figure 4E and F) . These data indicate that cyanidin first triggers a sensitization step of the tumor cells that depends on singlet oxygen, caspase 8 and peroxynitrite. This early step seems to represent catalase inactivation and is followed by NO/peroxynitrite signaling (at lower concentrations of cyanidin) and HOCl signaling (at higher concentrations of cyanidin). This complex pattern of action was confirmed for peonidin, pelargonin, delphidin, malvidin and malvidin galactoside (Supplementary Figures 9 and 10 , available at Carcinogenesis Online), indicating that it represents a general potential of anthocyanidins and anthocyans. Cyanidinmediated apoptosis induction was also shown for the Ewing sarcoma cell line SK-N-MC (Supplementary Figure 15 , available at Carcinogenesis Online).
Salicylic acid and cyanidin cause caspase9-and caspase3-dependent apoptosis induction through the mitochondrial pathway
Apoptosis induction by salicylic acid and cyanidin was inhibited by caspase9 and caspase3 inhibitor (Supplementary Figure 11 , available at Carcinogenesis Online), thus confirming the role of these capases for cell death, as well as its apoptotic nature. The dependence of apoptosis induction by low concentrations of cyanidin on the activity of caspase8 (as shown in Figure 4 and Supplementary Figure 11 , available at Carcinogenesis Online) was abrogated, when superoxide anion generation had been stimulated by treatment with transforming growth factor-beta (Supplementary Figure 12 , available at Carcinogenesis Online). This finding shows that the effect of caspase8 in this experimental system is related to enhancement of superoxide anion generation rather than to death receptor-mediated pathway of apoptosis induction. Rather, apoptosis induction mediated by salicylic acid and cyanidin seems to depend on the mitochondrial pathway of apoptosis ( Supplementary Figures 13 and 14 , available at Carcinogenesis Online).
Anthocyanidins inhibit NOD
Singlet oxygen-dependent inactivation of tumor cell protective catalase through a multistep mechanism has been recently shown to be triggered by an initial increase in NO (1), which had been achieved either by an increase in the concentration of the NOS substrate arginine, or through azole-dependent inhibition of NOD (1). NOD efficiently lowers the level of cellular NO through dioxygenation of NO to NO 3 − . Therefore, its inhibition causes a sudden increase in NO without a change in the rate of NO synthesis per se (35) . As quercetin, the oxidation product of cyanidin, inhibits NOD (36), it was not unlikely that anthocyanidins might have NOD inhibitory potential as well. They thus might provoke a sudden increase in free NO without the necessity to modulate its synthesis. Intriguingly, all anthocyanidins and anthocyans tested showed strong inhibition of NOD, as they strongly enhanced the apoptosis inducing of an exogenous NO donor, under conditions where catalase and NOS were inhibited and the consumption between H 2 O 2 and NO was abrogated ( Figure 5 ).
Synergistic interaction between salicylic acid and cyanidin
As salicylic acid and cyanidin inactivate tumor cell catalase through different biochemical mechanisms, it was not unlikely that their combined action would allow for synergistic effects. When increasing concentrations of cyanidin were combined with increasing, but suboptimal concentrations of salicylic acid, an impressive synergistic effect was seen ( Figure 6 ). For example, 0.08 µg/ml salicylic acid or 0.45 ng/ml cyanidin applied alone did not induce apoptosis significantly above background, but their combination resulted in apoptosis induction higher than reached by 0.3 µg/ml cyanidin or 5 µg/ml salicylic acid alone. When ascorbic acid and salicylic acid, i.e. two compounds with analogous mode of direct catalase inhibition, were combined, no synergistic effect between these two compounds was seen ( Figure 6B ), whereas the combination of ascorbic acid with cyanidin resulted in a similar synergistic effect as the combination between salicylic acid and cyanidin (Supplementary Figure 18 , available at Carcinogenesis Online). This finding confirms the specificity and significance of the synergistic effect that is shown in Figure 6A .
Impact of salicylic acid-dependent inhibition of catalase on its tumor-preventive effect
Our data show that salicylic acid, ascorbic acid, methyldopa and cyanidin sensitize human tumor cells for apoptosis induction by exogenously added peroxynitrite as efficiently as neutralizing antibodies directed against catalase. As only extracellular catalase can decompose exogenous peroxynitrite before it attacks the cell membrane, and as neutralizing antibodies can only reach extracellular catalase of intact tumor cells, the sensitizing effect of salicylic acid, ascorbic acid, methyldopa and cyanidin is explained as inhibition of extracellular catalase. As the NOX inhibitor AEBSF did not interfere with sensitization by antibodies, salicylic acid, ascorbic acid and methyldopa, but shifted the optimum curves to plateau-type curves, it is obvious that the inhibitory effect on catalase by these compounds is independent of NOX1-derived superoxide anions. The supraoptimal decline of apoptosis induction on the right flank of the optimum curves is explained as consumption of peroxynitrite by excess
, when catalase is strongly inhibited. Thereby, superoxide anions generated by NOX1 seem to be the source for H 2 O 2 , as seen by the AEBSF-mediated abrogation of consumption. In contrast, inhibition of catalase by cyanidin seems to be mediated by a superoxide anion-dependent process as it is strongly inhibited by AEBSF. However, the mechanism underlying the formation of an optimum curve is the same as seen for the other compounds, as addition of AEBSF 20 minutes after addition of cyanidin, but before the peroxynitrite challenge, shifted the optimum curve to a plateau type curve as well ( Figure 2E ).
Inhibition of catalase by salicylic acid, ascorbic acid and methyldopa is in line with the reported potential of these compounds to reduce compound I (CATFe IV =O .+ ) to the inactive compound II (CATFe IV =O) through a one-electron transfer (34, 38, 39) . In the membrane of tumor cells, compound I is constantly formed through the interaction of membrane-associated catalase with H 2 O 2 generated through dismutation of NOX1-derived extracellular superoxide anions. In the presence of the NOX inhibitor AEBSF, this reaction is not possible and therefore another source for substrate that allows compound I formation must be considered. It may be assumed that the interaction of catalase with one molecule of the challenging peroxynitrite generates compound I in an initial step and thus enables the subsequent one electron-dependent inhibition step. As a consequence, the remaining concentration of peroxynitrite is not decomposed by the inactive compound II.
As shown exemplarly for salicylic acid, inhibition of catalase is not only independent of cell-derived superoxide anions (or their dismutation product H 2 O 2 ), it also does not require NO (or its derivative peroxynitrite) or singlet oxygen, the reaction product from peroxynitrite and H 2 O 2 . However, superoxide anions, H 2 O 2 , NO and peroxynitrite are required for the establishment of intercellular ROS-dependent apoptosis signaling which seems to be the consequence of direct inhibition of tumor cell protective catalase by salicylic acid. Intercellular ROS signaling can only be established by NOX1-expressing cells. This explains the selectivity of apoptosis induction by salicylic acid for malignant cells, as reported by others (22) and shown in this study. The reactivated intercellular apoptosis signaling is analogous to intercellular ROS signaling established through neutralizing antibodies against catalase, the catalase inhibitor 3-AT or siRNA-mediated inhibition of catalase expression (12) . Thereby, in MKN-45 cells, a low degree of catalase inhibition allows the action of the NO/peroxynitrite pathway which is followed by the HOCl pathway at higher degrees of catalase inhibition. As inhibitors of caspase-3 and caspase-9 completely inhibited salicylic acid-dependent apoptosis induction (Supplementary Figure 11 , available at Carcinogenesis Online), and as siRNA-mediated knockdown of BAK, APAF and DIABLO prevented apoptosis (Supplementary Figure 13 , , available at Carcinogenesis Online), the mitochondrial pathway of apoptosis seems to be active, in analogy to the effect of neutralizing antibodies and 3-AT that are mechanistically identical (12) . This is in line with the reports on induction of the mitochondrial pathway (20, 21) and on ROS formation by salicylic acid (20, 21) . In their detailed study, Chung et al. (20) demonstrate that a rac1-NADPH oxidase-dependent pathway is targeted by salicylic acid. This pathway is shown to act upstream of mitochondrial effects such as collapse of the membrane potential, release of cytochrome c and subsequent caspase activation. Chung et al. concluded that NADPH oxidasedependent ROS production was completely intracellular, as it was not affected by exogenously added catalase. However, their studies were performed in the presence of 2.5-5 mM salicylic acid and therefore their result is not conclusive, as catalase can be expected to be inhibited under these conditions, according to our data. As NADPH oxidase of malignant cells generates extracellular superoxide anions and as membrane-associated extracellular catalase protects tumor cells against intercellular ROS-mediated apoptosis signaling, we suggest that inhibition of catalase by salicylic acid might have been the initial step in apoptosis induction in the experimental system studied by Chung et al., in analogy to the findings presented in this article.
Based on the potential of salicylic acid to inhibit tumor cell protective catalase and thus to reactivate intercellular ROS signaling that causes tumor cell apoptosis, it seems reasonable to consider that this mechanism might significantly contribute to the tumor-preventive effects of salicylic acid and its prodrug acetyl salicylic acid that has been demonstrated in mutlitple studies (40) (41) (42) (43) .
Due to the multifunctional potential of salicylic acid, the tumor preventive effect might be a combination of several effects. The antioxidant potential of salicylic acid might prevent procarcinogenic ROS effects during tumor initiation, promotion and progression. Its prooxidative effect after inhibition of tumor cell protective catalase might be involved in the elimination of catalase-positive microtumors, utilizing the signaling chemistry that is illustrated in this manuscript.
As salicylic acid also has a strong scavenging activity for hydroxyl radicals (44) , its prooxidative effect due to catalase inactivation is counteracted in parallel by consumption of salicylic acid by hydroxyl radicals that are generated during intercellular ROS signaling. This interaction causes a decrease in the concentration of salicylic acid and thus to an attenuation of catalase inhibition after the onset of ROS signaling. This might represent a substantial obstacle for attempts to establish tumor therapy based on sole application of salicylic acid or its derivatives. More details of the complex interactions between salicylic acid and catalase are discussed under Supplementary discussion (Supplementary Figure 19 , available at Carcinogenesis Online).
Anthocyanidins mediate singlet oxygen-dependent inactivation of catalase
In contrast to direct inhibition of catalase by salicylic acid, inhibition of catalase by anthocyanidins is indirect and mediated by singlet oxygen-dependent inactivation of catalase. Singlet oxygen generation represents an early and fast step immediately after addition of anthocyanidins to the tumor cells and seems to be completed within less than 20 min. As shown in Figures 2 and 4 , this early catalase-inactivating step requires superoxide anions, NO, peroxynitrite, caspase-8, and singlet oxygen. Caspase-8 activity seems to be triggered by the FAS receptor, as siRNA-mediated knockdown of the FAS receptor also has a strong inhibitory effect on anthocyanidin-dependent apoptosis induction (Scheit and Bauer, unpublished result). Singlet oxygen that is involved in the inactivation of catalase may be formed through the interaction between cell-derived peroxynitrite and hydrogen peroxide (H 2 Figure 5 ) and inhibition of catalase by the resultant NO (45) might account for this crucial step. An analogous biochemical scenario has been described for the increase in the NO level through an increase of the NOS substrate arginine and the inhibition of NOD by azoles (1). As singlet oxygen triggers the FAS receptor in a ligand-independent mode (46) , and as this may lead to the caspase-8-dependent activation of NOX (47, 48) and induction of NOS (49), a further increase in H 2 O 2 and peroxynitrite, followed by an increasing concentration of catalase-inactivating singlet oxygen (50) can be expected. In contrast to caspase 9 that is involved in the induction of cell death, caspase 8 only seems to play a role for the enhancement of catalase inactivation. This conclusion was substantiated through our finding that an increase in NOX1 activity through TGF-beta1 abrogated the dependence of cyanidin-mediated apoptosis induction on caspase8 activity (Supplementary Figure 12 , available at Carcinogenesis Online). Inactivation of catalase by singlet oxygen is followed by NO/peroxynitrite signaling at lower concentrations of cyanidin and the HOCl signaling pathway at higher ones. Both pathways lead to the formation of hydroxyl radicals ( Supplementary Figures 1 and 2 , available at Carcinogenesis Online) that seem to be the ultimate apoptosis inducers, potentially through lipid peroxidation, as concluded from established concepts (51) . Most probably, as a consequence of hydroxyl radical-mediated lipid peroxidation, the mitochondrial pathway of apoptosis is activated (Supplementary Figure 14 , available at Carcinogenesis Online).
Catalase inactivation through anthocyanidins explains their well-known selective apoptosis induction in malignant cells (27) characterized by an involvement of ROS and the mitochondrial pathway (23, 24, 27) . Based on the data presented here, we suggest that formation of extracellular singlet oxygen through tumor cell-derived ROS (i.e. H 2 O 2 and peroxynitrite) represents the primary and crucial ROS-dependent step induced by anthocyanidins. This step is followed by intercellular ROS-mediated apoptosis signaling through the NO/peroxynitrite and HOCl signaling pathways that trigger the onset of the mitochondrial pathway of apoptosis. As cytochrome c is released from mitochondria in this pathway, the electron transport chain becomes uncoupled, leading to the generation of mitochondrial superoxide anions and H 2 O 2 . This final ROS generation therefore is a consequence of apoptosis induction by the primary extracellular ROS interactions and not its cause. Until now, many reports have discussed mitochondria-derived ROS as the cause of apoptosis induction, thereby neglecting the potential role of extracellular ROS signaling. This restricted view is based on the misconcept that the mitochondrial pathway of apoptosis is always controlled intrinsically, whereas death receptor-dependent apoptosis induction represents the extrinsic pathway. It is obvious from our data that intercellular apoptosis-inducing ROS signaling represents an extrinsic pathway, though without direct involvement of death receptors...
In contrast to salicylic acid, there are no epidemiological data in humans that indicate a tumor preventive effect of anthocyans, despite their specific effects directed against malignant cells in vitro (23) (24) (25) (26) (27) (28) (29) and in animal models in vivo (25) . It has been suggested that this failure might be due to the low concentration of anthocyans reached in body fluids after intake of the compounds (29) .
Intriguingly, salicylic acid and cyanidin show an impressive synergistic effect. Synergy seems to depend on the different primary mode of action of both compounds during inactivation of catalase that leads to congruent effects during intercellular apoptosis-inducing ROS signaling and the induction of the mitochondrial pathway of apoptosis. Therefore, the combination of salicylic acid with ascorbate that causes the same mode of direct inhibition of catalase did not establish synergism. A possible mechanism underlying the synergistic effect is oulined under Supplementary Discussion. This synergistic effect might have interesting therapeutic potential, but it also raises analytical problems. Its potential use in tumor prevention and therapy may allow to establish apoptosis induction in tumor cells at very low concentrations of the synergizing compounds. These may be sufficient to trigger catalase inactivation, but insufficient to block the subsequent signaling or to induce unwanted side effects. However, synergistic effects may have a severe effect on the outcome on epidemiological studies on the tumor preventive effect of individual nutritional plant compounds, especially when the potential synergy partner is not considered, not quantified or when its intake is not known. This aspect requires attention and further conceptional and experimental work.
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